Ji HL, Zhao RZ, Chen ZX, Shetty S, Idell S, Matalon S. ␦ ENaC: a novel divergent amiloride-inhibitable sodium channel. Am J Physiol Lung Cell Mol Physiol 303: L1013-L1026, 2012. First published September 14, 2012 doi:10.1152/ajplung.00206.2012.-The fourth subunit of the epithelial sodium channel, termed delta subunit (␦ ENaC), was cloned in human and monkey. Increasing evidence shows that this unique subunit and its splice variants exhibit biophysical and pharmacological properties that are divergent from those of ␣ ENaC channels. The widespread distribution of epithelial sodium channels in both epithelial and nonepithelial tissues implies a range of physiological functions. The altered expression of SCNN1D is associated with numerous pathological conditions. Genetic studies link SCNN1D deficiency with rare genetic diseases with developmental and functional disorders in the brain, heart, and respiratory systems. Here, we review the progress of research on ␦ ENaC
FOUR SUBUNITS OF THE epithelial sodium channel (ENaC ␣, ␤, ␥, and ␦ subunits) have been cloned in mammals to date (26, 90, 134) . The widely accepted concept is that the functional ENaC channels must be composed of at least one ␣ or ␣-like subunit (␦ and ␦-like ε ENaC from Xenopus laevis). The ␤ and ␥ subunits are both required to amplify channel activity up to two orders of magnitude. In contrast to ␣ and ␤ ENaC, ␦ ENaC is widespread and expressed in both nonepithelial (brain, heart, ganglion, placenta, blood, etc.) and epithelial cells (trachea, kidney, pancreas, liver, stomach, etc.), similar to the expression profile of ␥ ENaC. However, the ␥ ENaC gene (SCNN1G) shares the cytogenetic band (16p12.2) of human chromosome 16 with ␤ ENaC but is separated from the ␦ ENaC gene (SCNN1D). There are a number of classic reviews about the native and heterologous (␣␤␥) epithelial sodium channels before and after the initial cloning of ENaC in 1993 (4, 11, 42, 52, 66, 67, 78, 81, 94, 95, 105, 108, 118, 123, 129) . Until very recently, only one review was published focusing on ␦ ENaC (54). We therefore summarize current understanding of the ␦ ENaC in this review.
Genomics of ␦ ENaC (SCNN1D)
Chromosome assignment. The first cDNA sequence of SCNN1D (dNaCh or ENaCdelta, Homo sapiens) was published in 1995 (134) . So far, the sequence of SCNN1D is defined by 120 GenBank accessions from 108 cDNA clones from testis, brain, lung, pancreas, and other tissues. It was assigned to human chromosome 1p36.3-p36.2 with a sequence ID, NC_000001.10 (136). It covers 18.03 kb, from 1209383 to 1227414 (NCBI 37, August 2010), on the direct strand. To date, four homologenes and 31 gene orthologs have been deposited to NCBI and Ensembl databases, respectively, including Pan troglodytes (located on chromosome 1, NC_006468.3), Canis lupus familiaris (chromosome 5, NC_006587.2), Bos taurus (chromosome 6, NC_007314.3), and Gallus gallus (chromosome 21, NC_006108.2). By aligning their sequences (Fig. 1A) , up to 99.1% identity among them was found. Most of them are from vertebrate mammals except the chicken, the frog, the green anole, and the finch. Unfortunately, neither SCNN1D DNA nor RNA has been identified in the mouse, the most popular animal model for manipulating the other three ENaC genes (SCNN1A, SCNN1B, and SCNN1G). Human SCNN1D is located between genes UBE2J2 and ACAP3 on chromosome 1p36 (130) . In contrast, UBE2J2 adjacent to the ACAP3 gene has been found in mouse chromosome 4 ( Fig. 1B) . At present, genetic analysis shows that SCNN1D is a pseudogene in mice (54). Three genes, namely MAPK8IP3 (mitogen-activated protein kinase 8 interacting protein 3), STK11 (serine/threonine kinase 11), and C2orf55 (chromosome 2 open reading frame 55), are coexpressed with the SCNN1D.
Tissue expression profile. The human SCNN1D gene contains 33 distinct introns (28 gt-ag, 2 gc-ag, 3 others) (130) . Transcription of SCNN1D gene is predicted to produce 15 different mRNAs (14 alternatively spliced variants and 1 unspliced form) (130) . To date, two transcriptions have been identified by several groups (53, 147, 155). There are five probable alternative promoters, two nonoverlapping alternative last exons, and four validated alternative polyadenylation sites (130) . The mRNAs appear to differ in the truncation of their 5= and 3= ends, presence or absence of eight cassette exons, overlapping exons with different boundaries, and splicing vs. retention of nine introns (130) .
The tissue expression profile of SCNN1D has originally been examined by Waldmann et al. (134) . This report was followed by two extensive studies using dot-blot and gene chip microarray (124, 148) . These data are summarized in Table 1 . SCNN1D is predominantly expressed in heart, liver, brain, and lung (including trachea) as seen by all three studies, and pancreas, skeletal muscle, and blood leukocytes by two reports. Clearly, transcription levels of ␦ ENaC in both epithelial and nonepithelial tissues are ranked top ten (124, 134, 148) . According to the largest human gene expression database, BioGPS, there appear two diverse expression patterns of human ENaC (Table 1 ). SCNN1A and SCNN1B are predominantly expressed in the lung and the kidney, as shown in Fig. 2 . For example, the expression level in the lung was ϳ240-and 50-fold the median value of all tissues analyzed, respectively, for SCNN1A and SCNN1B. By contrast, SCNN1G and SCNN1D are widely expressed in both epithelial and nonepithelial tissues.
Interestingly, the expression level of all ENaC subunits in fetal lungs is much lower than in adult lungs, in particular the ␣ and ␤ subunits ( Table 2 ). The increment in ENaC expression in adulthood is seen in both reabsorptive epithelium and nonepithelial tissue (e.g., thyroid). Similarly, dot-blot showed that the transcription level of ␦ ENaC in fetal kidney, heart, and brain is much less than corresponding adult tissues (Table 1) (148). These data indicate that ENaC expression occurs in a development-dependent manner.
In addition to whole-organ/tissue level expression, ␦ ENaC mRNA was also found in primary and immortalized human cells. Recently, ␦ ENaC was identified in human nasal epithelial cells (8) , human glioblastoma (14) , immortalized human respiratory epithelial cells (A549, H441, Calu-3, 16HBE14oϪ), human pancreatic epithelial cells (CFPAC), human colonic cells (Caco-2), human pleural mesothelial cells (M9K), human primary alveolar type II cells, human primary pleural mesothelial cells, human esophageal cells, human melanoma cells (G361), and human lung tissues (75, 99, 101, 111, 143, 145) . ␦ ENaC-like transcripts were also found in rabbit lung and retinal tissues by PCR using primers designed to detect the human ␦ ENaC sequence (20, 75 ). An RNA product of similar size to the human mRNA was also amplified in murine cells and tissues (63, 75) . Given that the ␦ ENaC gene has not been identified in mouse and rabbit, the PCR products reported are of uncertain origin. In addition, its counterpart in Xenopus laevis (ε xENaC) was predominantly expressed in kidney and urinary bladder, but faintly expressed in skeletal muscle and brain (7) .
Intraorgan distribution. 1) Lung: Two splice variants of ␦ ENaC were analyzed in human alveolar epithelial cells. In both alveolar type I and II cells, ␦2 ENaC is expressed at a lower level than ␦1 ENaC (155). In some cases, ␦1 and ␦2 were present in the same alveolar cells. In addition, ␦1 ENaC was also present in pulmonary leukocytes, in which other ENaC subunits and amiloride-sensitive channels have been detected (24) . 2) Esophagus: The expression pattern of ␦ ENaC was examined in human esophagus by in situ hybridization (143). Abundant mRNA expression was detected throughout the esophageal surface layer, consisting largely of stratified squamous epithelium. Trace levels of expression were observed in submucosal glands. ␦ ENaC on the esophageal surface may detect the refluxed gastric acid and convert and transduce the signal via terminal neuroreceptors. 3) Eye: Recently, the copy number of ENaC subunits in human eye tissues was measured by quantitative real-time RT-PCR (86) . Expression of ␦ ENaC at the mRNA level is similar to ␤ and/or ␥ subunits in human lens epithelium, iris, retina, ciliary processes, and choroid. Moreover, no significant difference in expression level was found between ␦ and ␣ subunits in iris and retina (86) . 4) Brain: Distribution of ␦ ENaC (␦1) and a splice variant (␦2) were analyzed in human brain by dot-blot and in situ hybridization (53, 148). ␦ ENaC was almost evenly expressed in 16 areas of adult brain except frontal lobe, medulla oblongata, accumbens nucleus, thalamus, and corpus callosum (148). In contrast, spinal cord showed a very weak expression level. Furthermore, ␦ ENaC-expressing cells included pyramidal neurons in layers II to VI and the frontal and temporal cortices (53). Most pyramidal neurons express either ␦1 or ␦2 ENaC. Their distribution pattern varies from one cortical region to another. Furthermore, ␦1 transcript levels were 2.5-fold that of ␦2 ENaC in human cerebral cortex, as analyzed by quantitative PCR (138). In addition, the cell-specific distribution of ␦ ENaC in tongue can be found in the following sections.
Translation of SCNN1D. The encoded proteins of the four SCNN1D homologenes show a high identity to human ␦1 (99.1, 67.9, 67.4, and 47.7%, respectively vs. P. troglodytes, C. lupus, B. Taurus, and G. gallus). The human EST database shows two alternatively spliced exons and one alternatively spliced intron: 1) exon 3 is occasionally spliced out; 2) exon 6 is more frequently spliced out; 3) intron 10 retention has been found in several EST clones. For SCNN1D splice variants, exon 6 deletion causes a frame shift and premature termination of translation. An alternative translation with a different reading frame can result in a similar product with a different NH 2 -terminus (53). Intron 10 retention also results in a frame shift and premature termination halfway through the transcript (position 468). By BLASTing the NCBI protein database, nine hits were obtained for human ␦ ENaC proteins with potential channel function (Fig. 3) , including the original ␦1 (CAI23262.1) and recently described ␦2 (CAI23261.1). These splice variants showed greatest variability in their intracellular amino-terminal tail (Fig. 3A) and can be classified into two groups. The ␦1 ENaC amino-terminal tail has 638 amino acid residues (aa) whereas group one consists of five splice variants with extended amino-terminal tails: 771 aa (EAW56254. The group one variants with lengths between 600 and 800 aa residues seem to be spliced with a local frame shift (one exon deletion causes frame shift, and a second exon deletion shifts the frame back). Given the critical roles of these missing domains in exocytosis and channel pore formation, the group two variants may not assemble as functional channels in the plasma membrane and may be electrically undetectable by electrophysiological approaches. In addition, few short peptides have been predicted by NCBI AceView (130) . Human ␦ ENaC expressed in nonpolarized COS-7 cells appears as two specific bands at 85 and 95 kDa when probed with anti-HA (flag) antibody by Western blot assay (28, 58) . The 95-kDa band shifted down by 5 kDa (to 90 kDa) by pretreatment of ␦ ENaC precipitate with N-glycosidase F, suggesting that the size of glycosylated ␦ ENaC is ϳ95 kDa. In contrast, ␦ ENaC appears as two prominent bands at 86 and 75 kDa representing the glycosylated and nonglycosylated forms, respectively, when expressed in Xenopus oocytes (58). More- Gene expression profile of SCNN1A, SCNN1B, SCNN1G, and SCNN1D. Expression levels are computed from the "GeneAtlas U133A, gcmas" dataset, an atlas of tissue expression (GeneAtlas) on an Affymetrix U133A array, using the gcrma algorithm to process the data. The y-axes on these graphs represent normalized, background-subtracted, and summarized (probes to probeset) intensity of each probe set: 
Biophysical and Pharmacological Features
Macroscopic activity of heteromultimeric channels expressed in Xenopus oocytes. ␦ ENaC alone formed a monomultimeric channel in Xenopus oocytes with a whole-cell current in the range of Ϫ50 nA (71, 148) . When ␦ ENac was coexpressed with ␤ and ␥ subunits, the amplitude of the macroscopic currents increased by more than two orders of magnitude. One group reported that the amiloride-sensitive whole-cell currents were ϳ11-fold higher in oocytes expressing ␦␤␥ than those expressing ␣␤␥ channels (58). A recently cloned ␦2 ENaC recorded greater whole-cell currents when coexpressed with ␤␥ subunits in oocytes (155). In addition, less than or equal to the current amplitude of ␦1␤␥ in oocytes overexpressing ␦1␤␥ clone was found (138, 147). The divergent observations may result from variable quality in oocytes, The kidney and the thyroid are controls of epithelial and nonepithelial tissues, respectively. Data are adapted from BioGPS with permission (http:// biogps.org/#gotoϭwelcome). cRNA, and other experimental conditions. Without specific pharmacological and molecular approaches, the functions of native ␦1 and ␦2 ENaC channels have not been studied. The apparent half-saturation concentration (K m ) of ␦2␤␥ for external Na ϩ ions was 18% greater than that of ␦1␤␥, indicating a lower Na ϩ affinity (155). The channels containing ␦ subunit alone share biophysical and pharmacological features with channels comprised of ␦, ␤, and ␥ subunits as described below.
Cation selectivity. Increased permeability of Na ϩ over Li ϩ ions (I Li /I Na ϭ 0.6) through ␦␤␥ channels is one of three features that diverge from ␣␤␥ channels (I Li /I Na ϭ 2) (71, 72, 134) . Furthermore, channel permeability to both monovalent and divalent cations was examined. The P X -to-P Na ratios of Na
/Mg 2ϩ were 1/0.6/0.07/0.2/0.26/0.4 for ␦␤␥, 1/1.2/0.02/0.29/0.31/0.21 for ␣␤␥, and 1/0.88/0.02/0.14/ 0.23/0.14 for ␦␣␤␥ channels, respectively (75) . In particular, the permeability to Li ϩ over Na ϩ ions for ␦␣␤␥ ENaC was 0.88, which was distinguishable from both ␦␤␥ (1.2) and ␣␤␥ ENaC channels (0.6). Similar cation permeability was found for ␦1␤␥ and ␦2␤␥ channels (155).
Single-channel properties. The single-channel Na ϩ ion conductance of ␦␤␥ ENaC was much higher than that of ␣␤␥ channels (12 vs. 4 pS), whereas there was no difference in their unitary Li ϩ conductance (8 pS) (72, 134) . The unitary conductances of ␦␣␤␥ channels were 8 pS for Na ϩ and 7.5 pS for Li ϩ ions (75) . There were no subconductances observed. Moreover, the single-channel conductance was not altered by various ratios of cRNA injected between ␣ and ␦ subunits. To date, three stoichiometric models have been proposed for ENaC channels: 2␣1␤1␥, 3␣3␤3␥, and 1␣1␤1␥ (13, 39, 45, 70, 84, 115, 120, 121) . These observations indicate that four ENaC subunits may stoichiometrically form new channels with a unique channel pore size. These data are supportive of the four-subunit and nine-subunit stoichiometric models. Considering the significant divergent sequence, tissue expression pattern, function, regulation, and species specificity between multiple subfamilies of the ENaC/DEG superfamily, the architecture of human ␦ ENaC channels may not be consistent with what has been found for the truncated chick ASIC1b (70) . Even for ASIC channels, four subunits have been identified with variant expression patterns (78) . Alternatively, ␦ ENaC may regulate the biophysical properties as an accessory protein but not as a pore-forming subunit. Another interpretation is that there may be complete electrical coupling between two channel populations, ␣␤␥ and ␦␤␥ channels, which appears as a single conductance. The unitary conductances of ␦2␤␥ channels were 14.5 pS for Na ϩ and 9.8 pS for Li ϩ ions, which differ from the ␦1␤␥ channels (155). A slight difference was seen by another group (138). The pre-second hydrophobic domain (H2) region in the ␦ subunit, actually part of the second transmembrane domain, contributes to both ion selectivity and single-channel conductance (73) . This region is conserved between examined splice variants. We thus speculate that the diversity in the NH 2 -terminal tails may cause a conformational change and, in turn, affect single-channel conductance and ion selectivity possibly via altering channel subunit architecture, voltage dependence, cation affinity, or other unknown mechanisms (155).
The ␦1␤␥ channels exhibit a long opening time compared with ␣␤␥ channels (68, 72) . Furthermore, the estimated open probability value for ␦2␤␥ was greater than that of ␦1␤␥ (155). The larger unitary Na ϩ conductance and increased opening time apparently contribute to the greater macroscopic currents associated with ␦␤␥ channels. Wesch et al. (138), however, found a slight but not significant increment in the opening time of ␦2 ENaC. External Na ϩ self-inhibition. An intrinsic feature of ENaC is that both native and cloned ENaC channels can be activated by either fast exposure from a solution containing low Na ϩ to Na ϩ -rich bath solution or removal of channel blocker followed by an approximate half reduction in current level, namely, external Na ϩ self-inhibition (31, 35, 36, 52, 65, 89, 112) . Human ␣␤␥ ENaC showed significant self-inhibition, which results in a lower open probability (short opening time) (59). ␦ ENaC-containing channels, including ␦1␤␥ and ␦1␣␤␥ channels, did not exhibit significant self-inhibition compared with ␣␤␥ channels (59, 75). In strict contrast, the ␦ ENaC cloned from Xenopus laevis (ε xENaC) displayed strong self-inhibition, whereas ␣␤␥ xENaC did not (7) .
Activation by extracellular protons. Proton-activated currents in oocytes expressing ␦ subunit alone, ␦ϩ␤, and ␦ϩ␥ subunits were approximately Ϫ50 nA, which were amplified 44-fold by coexpressing ␦ with both ␤ and ␥ subunits (71, 134, 148 ). An EC 50 value of 6.0 for proton activation in ␦ and ␦␤␥ channels was observed. ␦2␤␥ ENaC could enable proton activation as well as a faster response (145, 155). Protons may titrate pH-sensitive amino acid residues (His with a pKa of 6, Glu and Asp with a pKa of 4) residing in the extracellular loop, leading to a conformational change and disrupting the function of the degenerin sites (␦S526, ␤S520, and ␥S529), eventually to extend the channel opening time (71) .
␦ ENaC channels have very slow activation and desensitization kinetics in response to a decrease in extracellular pH (71) , in contrast with the fast activation and desensitization properties of most ASIC channels (5, 64, 153) . The slow proton response would make ␦ ENaC channels good sensors of slow extracellular pH changes as may be found during ischemia.
Blockade by amiloride and analogs. Amiloride, the first ENaC blocker to be applied to ␦␤␥ channels, has an IC 50 of 2.6 M (58, 71, 75, 134, 148) . The K i of amiloride for ␦␤␥ ENaC is 26-fold that of ␣␤␥ channels (0.1 M for ␣␤␥ ENaC). Similarly, benzamil inhibited ␦␤␥ ENaC with an IC 50 value 30-fold higher than that for ␣␤␥ channels (1, 134) . Amiloride blockade of ␦␤␥ ENaC is much more voltage dependent compared with the ␣␤␥ channel (71). The K i of amiloride for ␦␣␤␥ channels was 920 and 13.7 M at Ϫ120 and ϩ80 mV, respectively, which significantly differed from that of both ␣␤␥ and ␦␤␥ channels (75) . The splice variant ␦2␤␥ channels were more sensitive to amiloride (K i , 0.7 M) and the blockade was not voltage dependent (155). In contrast, an earlier brief measurement did not detect significant difference in their IC 50 values (14 M for ␦1␤␥ and 15 M for ␦2␤␥) (147). Although the known amiloride binding site is located at the outer mouth of the channel, the NH 2 -terminal tail may indirectly regulate amiloride sensitivity through alterations in expression level, which influence the electrical field by changing Na ϩ gradient across plasma membrane. In addition, the current amplitude may affect the computation of amiloride sensitivity: the greater the whole-cell current, the more current fractions sensitive to the drug (with a smaller IC 50 value) the channels. ␦ ENaC cloned from Xenopus laevis, so-called ε xENaC, had a 10-fold lower affinity to amiloride (7). ␦ ENaC was not sensitive to EIPA, a potent inhibitor of the Na ϩ /H ϩ exchanger, at concentrations below 10 M (134).
Inhibition by Evans blue. Yamamura and coworkers (149) found that Evans blue was a specific antagonist of ␦␤␥ channels in Xenopus oocytes. Evans blue specifically inhibited human ␦␤␥ ENaC in a concentration-dependent manner (IC 50 
Activation by capsazepine. Capsazepine, a competitive antagonist for transient receptor potential vanilloid subfamily 1 (TRPV1) (127) , is the first reported activator of ␦ ENaC (144). Capsazepine elevated channel activity associated with ␦␤␥ ENaC 2.6-fold, with an EC 50 of 7.8 M (144). Weakly acidic pH (7.0) facilitated the activation of ␦␤␥ channels (EC 50 , 2.4 M). In comparison, an increment to a less extent (1.6-fold) was observed in Xenopus oocytes expressing ␦ subunit alone. The authors postulated that ␤ and ␥ subunits would amplify the stimulation by capsazepine. Recently these observations were confirmed in oocytes expressing ␦1␤␥ and ␦2␤␥ channels (155). The EC 50 value of capsazepine for ␦2␤␥ channels was approximately half that of ␦1␤␥ channels. Clearly, capsazepine is a specific activator of ␦␤␥ channels. The inhibition of TRPV1 and ␣␤␥ ENaC channels, unfortunately, prevents the use of this compound as a potent pharmacological probe to investigate native ␦ ENaC channels. Additionally, the mechanisms for the activation of ␦␤␥ and inhibition of ␣␤␥ channels by capsazepine are still unknown.
Stimulation by S3969. S3969, a small molecule, activated human ␦␤␥ ENaC in Xenopus oocytes with "comparable" EC 50 value of 1.2 M for ␦1␤␥ and 0.4 M for ␦2␤␥ channels via increased opening time (91) . It did not show the same stimulatory effects on mouse ENaC but stimulated human ␣␤␥ channels with identical potency, excluding the possibility that it acts as a specific agonist for ␦␤␥ channels.
Augmentation by icilin. Icilin is a tetrahydropyrimidine-2-one derivative used as a cooling agent. Icilin was identified as an agonist to markedly enhance the activity of ␦ and ␦␤␥ heteromultimers expressed in Xenopus oocytes with an EC 50 value of 33 M (146). Icilin synergistically stimulated ␦␤␥ channels with protons or capsazepine (146). In contrast, the activity of ␣␤␥ ENaC channels was slightly inhibited. This stimulation was abolished by amiloride or absence of external sodium. These interesting observations have not been verified by other groups to date.
Cyclic nucleotides release self-inhibition. Cell-permeable cpt-cAMP has long been used as an activator of the cAMP/ PKA signaling pathway to evoke ENaC activity (22-24, 29, 32, 128) . Surprisingly, this compound also serves as an external ligand to activate ENaC by releasing its self-inhibition. Molina et al. (98) reported that cpt-cAMP stimulated ␦␤␥ ENaC up to approximately threefold, and ␣␤␥ ENaC by twofold. Coexpression of ␦ ENaC with ␣␤␥ channels conferred cpt-cAMP-mediated activation with an EC 50 value of 30 M, similar to that for ␣␤␥ channels (49 M).
We recently found that 8-(4-chlorophenylthio)-guanosine-3=,5=-cyclic monophosphate-Na (CPT-cGMP) stimulated human ␣␤␥ ENaC in Xenopus oocytes in a PKG-independent and domain-specific manner (101) . CPT-cGMP but not parent cGMP acutely activated human ENaC activity as an external ligand (99, 101) . CPT-cGMP activated ␦␣␤␥ ENaC with an EC 50 of 5 and 225 M, respectively, for inward (at Ϫ100 mV) and outward (at ϩ40 mV) currents (99) . Consistent with these observations, the EC 50 of CPT-cGMP for activating transepithelial short-circuit currents in H441 monolayer cells was 147 M. Collectively, the data indicate that both cpt-cAMP and CPT-cGMP can serve as an external ligand to activate ENaC channels in addition to stimulating the PKA/PKG signaling pathways.
Other compounds. ␦ ENaC has also been found to be regulated by salt-taste-modifying reagents and acidic metabolites. Please see the following sections for details.
Physiological Regulation and Function
Fluid absorption. Chimpanzee ␦ ENaC was first identified from kidney and deposited into NCBI by Dr. Eaton's group. Two ␦ ENaC transcripts were detected in the human alveolar epithelial cell line A549, primary human alveolar type cells, and human lung tissues (75, 99) . ␦2 ENaC was predominantly expressed in alveolar epithelial cells and coexpressed with ␦1 in some cells. The physical intermolecular cross-talk between ␦ and the other three ENaC subunits indicates the potential existence of ␦ ENaC-containing channels in pulmonary epithelial cells (75) . Indeed, ␦ ENaC channels contributed to ϳ50% of amiloride-sensitive salt transport across primary human nasal epithelial cells (8) . Considering the inconsistent observations of the effects of Evans blue on heterologous ENaC channels (155), additional evidence in basolateral membranepermeabilized primary bronchoalveolar monolayer cells, and gene manipulation with siRNA specifically against ␦ ENaC will be needed to confirm these interesting observations. In addition, ␦ ENaC was also detected in human mesothelial cells, which play a key role in balancing the turnover and reabsorption of pleural fluid (74, 100) . However, the contribution of ␦ ENaC to lung diseases is not known (6, 56, 92 Mechanosensor. Recently, the critical role of ENaC in sensing tension in cardiovascular homeostasis was extensively reviewed (40, 41) . Laminar shear stress modulates the activity of ␦␤␥ and ␣␤␥ channels by increasing channel opening time (2, 27), even though the response to flow of the ␦␤␥ ENaC channels was not as strong as that of ␣␤␥ channels (1). The flow sensors, most likely residing in the diverse second transmembrane region (M2) and the preceding region (H2), may lead to a conformational change in ENaC molecules and eventually increase the probability of the channel being open.
Gating modulators, e.g., acidic pH and serine protease, eliminated the responses of both ␦1␤␥ and ␦2␤␥ heteromultimers (48) . However, the contribution of ␦ ENaC to mechanotransduction in mammalian muscle spindles still remains inconclusive (114), since SCNN1D is a pseudogene in rat.
Salt taste receptors. ␦ ENaC may be a component of the salt receptor (18) . Using RT-PCR and in situ hybridization, Stahler and colleagues (119) found that the mRNA of ␦ ENaC was amplified in human circumvallate and fungiform tissues as well as in nonchemosensory lingual epithelium. Immunochemical localization showed that ␦ ENaC was expressed in all visible taste pores in fungiform papillae and keratinocytes of the epithelium surrounding the fungiform taste buds. To examine the function of ENaC subunits in salt taste perception, the authors examined the effects of salt-taste-modulating agents on human ␦␤␥ channels in oocytes. L-Arginine, L-lysine, L-homoarginine, and choline chloride activated ␦␤␥ channels in a concentrationdependent, reversible manner. Interestingly, L-arginine and homoarginine showed more potent effects on ␦␤␥ over ␣␤␥ channels.
Sour taste receptors. ␦ ENaC was detected at the transcriptional and protein levels in human sour-normal and ageusic patients (68) . ␦ ENaC was located in both apical and basolateral membranes in taste buds (68, 119) . Given its presence in many taste cells of human fungiform papillae, and its activation by protons and other acidic compounds, ␦ ENaC is considered to be a candidate gene for sour taste reception as well as saltiness perception.
The splice variant ␦2␤␥ may be a more effective pH sensor than ␦1␤␥ on the basis of the increased gating kinetics and enhanced channel activity (155). In contrast, an insignificant increase in pH sensitivity in ␦2␤␥ channels was reported in cells pretreated with amiloride (138). The preexposed amiloride might not be washed away completely, or amiloride binding-induced conformational change could not be restored in a few minutes. This membrane-permeable compound would exert noninhibitory effects intracellularly. Preapplication of amiloride to oocytes also caused inconsistent observations for the effects of Evans blue on both ␣␤␥ and ␦␤␥ channels (149, 155). In addition, ␦ ENaC may be a terminal acid receptor in human skin and gastrointestinal system and mediate the release of ATP (143, 145, 150). Carbon monoxide may be able to reduce ␦ ENaC activity (3) .
Action potential. ␦ ENaC alone or channels composed of this subunit displayed a constitutive channel activity. A persistent Na ϩ influx would depolarize the resting membrane potential and amplify the effect on synaptic potentials. It is conceivable that, working together with other ion channels, ␦ ENaC may trigger an action potential by gradually depolarizing membrane potential in neural cells. The distribution of ␦ ENaC in neurons in human brain supports its role in controlling membrane potential and cell excitability (139, 147). Acid-sensing ion channel 1a in the central nervous system has been implicated in long-term potentiation, suggesting that minute fluxes in synaptic pH may activate proton-sensitive ␦ ENaC channels to enhance postsynaptic plasticity, learning, and memory (15, 137, 144) .
Sperm motility. ENaC subunits are present in the flagellar midpiece and the acrosome of spermatogenic cells and mature sperm, respectively (63, 82) . ␦ ENaC contributes to hyperpolarization of the sperm plasma membrane during capacitation, which is required to render sperm competent for fertilization (63) . Blockade of ENaC channel activity significantly improved the movement of human sperm (82) . ␦ ENaC apparently contributes to capacitation-associated hyperpolarization, in turn affecting the motility of human sperm. However, other mechanisms may be involved in mouse sperms based on the absence of ␦ ENaC in murine.
Heterogeneity of cation channels. There are at least three subtypes of Na ϩ -permeable cation channels in epithelial tissues (42, 52, 94) . The highly Na ϩ -selective channels have been attributed to channels made of ␣, ␤, and ␥ ENaC subunits. The molecular basis of the other two groups, however, remains in dispute. Although ␣ ENaC channels and channels in nonpolarized cells exhibit features similar to the native moderate and less selective cation channels (69, 88, 152 ), these do not exist under physiological conditions. Native epithelial Na ϩ channels are assumed to be trimeric protein complexes in polarized salt-absorptive epithelial cells (70) . Of note, homomultimeric channels composed of pore-forming ␣ or ␦ ENaC subunit in Xenopus oocytes display similar biophysical and pharmacological properties, e.g., response to acidic pH (71, 78) . The existence of ␦ ENaC and variants may partially explain the diverse phenotypes of amiloride-inhibitable channels in epithelial tissues. ␦2 ENaC does not coexpress with its ␦1 counterpart in all alveolar cells, indicating that ␦2 is not a simple surrogate or alternative.
In glial cells, ␦ ENaC is required for syntaxin 1A to downregulate ASIC activity as shown by their physical interaction (14) . ␦ ENaC reduced the activity of channels composed of ASIC1 and ASIC2 subunits in the presence of syntaxin 1A by reducing channel opening time (14) . In addition, ␦ ENaC significantly extended the activation and inactivation kinetics (desensitization), reduced the differentiation between Na ϩ and K ϩ ions, and increased the cooperativity in PcTX1 venom binding sites when coexpressed with ASIC1 (96) . ␦ and ␥ ENaC share similar and widespread distribution, with similar expression levels across various tissues. ␦ ENaC may be substituted for ␥ ENaC in normal brain tissue to form heteromultimeric Na ϩ channels with ASIC members, as supported by classic studies (76, 77) . Of note, the current magnitude was not identical between heteromeric ␣␤␥ and ␣␤␦ channels (12) . Furthermore, ␦ subunit may modify endocytosis and exocytosis of ENaC channel complexes (5a).
Proteolysis. ENaC can be fully activated by serine proteases via proteolytic cleavage in ␣ and ␥ subunits (see prior classic reviews for details; Refs. 80, 103, 109). Three potential cleavage sites have been proposed. Proteases cleave the extracellular loop of ENaC and release a short inhibitory peptide increasing channel open probability. Haerteis and colleagues (58) demonstrated that ␦ ENaC altered proteolysis of other subunits by serine proteases. The ␦ subunit itself may not be proteolytically cleaved by endogenous protease in the presence of ␤ and ␥ subunits. Instead, ␦ ENaC promoted the cleavage of ␥ ENaC in the presence of ␤ subunit to augment the channel activity of ␦␤␥ ENaC. In sharp contrast to the endogenous protease (trypsin), exogenous chymotrypsin cleaved the full-length heterologous ␦ ENaC (85 kDa) into two segments (65 and 20 kDa).
Regulation by Murr1. Mouse U2af1-rs1 region (Murr1) is a 21-kDa protein mutated in Bedlington terriers suffering from copper toxicosis. Murr1 interacts physically with the COOH-terminal domain of ␦ ENaC (16) . Murr1, when coexpressed with ␦␤␥ ENaC in Xenopus oocytes, augmented channel activity in a dose-dependent manner. It is proposed that Murr1 may regulate the transport of sodium and copper across epithelia as observed in fish gill and intestinal epithelium (60) and trafficking of both ENaC and copper transporters. Indeed, a follow-up study demonstrated that Murr1 increased the expression of ␦ ENaC proteins at the plasma membrane (28) . This was substantiated by a recent finding that Murr1 specifically interacted with phosphatidylinositols, particularly Ptdlns(4,5)P2, a wellknown signaling pathway for ENaC, and directed exocytosis of proteins in polarized cells (25) . Murr1 may thereby serve as a scaffold to recruit ␦ ENaC to the luminal membrane of epithelial cells. ␦ ENaC ubiquitination is enhanced by Murr1, leading to augmented internalization (28) . Please see the recent review on the trafficking and ubiquitination of ENaC (43) .
Regulation by neuronal-specific serum-and glucocorticoidinduced kinase 1.1 (SGK1.1) and phospholipase C. Wesch et al. (139) recently reported that ␦ ENaC isoforms and neuronal SGK1.1 were coexpressed in pyramidal neurons of the human and monkey cerebral cortex. Coexpression of wild type SGK1.1 but not its enzymatic dead mutant in Xenopus oocytes increased amiloride-sensitive currents associated with ␦1␤␥ and ␦2␤␥ channels approximately threefold. The same amplifying magnitude was observed in channels comprised of ␦1 or ␦2 subunit alone, indicating that the SGK1.1 exerts its effect independent of the PY motifs. Furthermore, SGK1.1 action also depended on its binding to phosphatidylinositol(4,5)-bisphosphate. Deletion of PtdIns(4,5)P2 binding motif in SGK1.1 and activation of PLC by 3M3FBS through lysophosphatidic acid G protein-coupled receptors removed SGK1.1 from the plasma membrane and eliminated activation of ␦␤␥ channels. These data strongly support the upregulation of ␦ ENaC channels by the SGK1.1/PLC signal.
Divalent cations. Hypotonic exposure of oocytes increased proton-activated currents by 92% in Xenopus oocytes expressing ␦␤␥ ENaC (71) . A combination of hypotonicity and lactate synergistically stimulates proton-activated ␦␤␥ ENaC. Gating of ASIC channels by extracellular protons is regulated by intracellular and extracellular Ca 2ϩ and Mg 2ϩ ions (113, 135) . Membrane-permeable Ca 2ϩ chelator, BAPTA-AM (50 M), in the absence of extracellular Ca 2ϩ reduced the basal but not the proton-gated peak currents. EDTA, but not EGTA, can augment the response to hypotonicity and lactic acid ϳ2.5-fold. In the presence of both EDTA and lactate, the increased protonactivated currents were stably elicited by repeated application of acidic solution, whereas the incremental proton-activation by either hypotonicity or lactate ran down in a few minutes. These results indicate that the extracellular Ca 2ϩ -to-Mg 2ϩ ratio rather than Ca 2ϩ alone affects the proton-induced currents of ␦␤␥ channels (71) .
Pathological Relevance
Genetic diseases. The SCNN1D gene is located on the plus strand of chromosome 1, from 1.21 to 1.23 Mb. Any terminal distal nonlethal deletion of 1p36 of a size larger than 1.3 Mb will lead to loss of this gene. The terminal distal part of chromosome 1 is lost in some rare diseases, e.g., monosomy 1p36 deletion syndrome (79) . This delineated contiguous gene defect is characterized by distinct craniofacial features, associated with developmental delay/mental retardation, hypotonia, muscle hypotrophy, seizures, brain abnormalities, and heart diseases (10, 49). Roughly two-thirds of children with the 1p36 deletion suffer from recurrent respiratory infection (132) . On the other hand, 1p36 in autism patients is truncated from 1.19 to 1.23 Mb (133). This region encodes both SCNN1D and UBE2J2 genes. Another atypical deletion of the WilliamsBeuren syndrome chromosomal interval also leads to autism (44) . Interestingly, 100% of autistic patients had doublets in the lower airway (122) . Furthermore, gain of copies of SCNN1D genes have been noted in cardiovascular diseases (104) , whereas 404 single nucleotide polymorphisms of SCNN1D have been collected in the NCBI database to date, although corresponding phenotypes have not yet been identified.
Ischemic disorders. Regulation of the proton-activated currents of ␦␤␥ ENaC by hypoosmolarity and EDTA suggested that ␦ ENaC may integrate ischemia-related signals in inflamed Table 3 . (50) and hypoxic tissues (71, 75) . Proton sensitivity of ␦␤␥ ENaC may be an important mechanism for integrating external ischemic signals in inflamed and hypoxic tissues (71, 125) . Lactic, pyruvic, and formic acids are generally produced during cardiac and brain ischemia and result in acidosis within minutes (85, 113) . Facilitation of proton-activated currents by these acidic metabolites strongly indicates that ␦ ENaC is most likely involved in ischemic signal transduction. ASIC channels are thought to be activated to transduce ischemia-related signals. However, pH decrement generally requires minutes to develop. The millisecond activation of ASIC may be an additional limitation for ASIC as effective pH sensors. Compared with ASIC channels, ␦ ENaC is distinguished by a very slow activation and desensitization process, allowing ischemic cells to have enough time to detect changes in proton concentration and osmolarity. Another striking feature of ␦ ENaC is its slow desensitization: the ASIC channel generally desensitized in less than a second (135) , whereas ␦ ENaC took minutes (71) . Thus the gating properties of ␦ ENaC indicated that, as an ischemic sensor, it differs from ASIC channels. Pulmonary ␦␤␥ ENaC may also serve as a pH sensor in response to accidental noxious acidic aspiration and post occupational exposure. Neurological diseases. Alternative gene transcript splicing produces multiple proteins as mentioned previously. The INTRON2 of SCNN1D had a 52% more variants in human brain of mesial temporal lobe epilepsy (61) . ␦ ENaC proteins in human nonneoplastic brain tissues were more abundant than in glioblastoma patients (77) . Therefore, the absence of ␦ ENaC may be related to alterations in the channel complex of glioblastoma patients (76, 77) . The mRNA of ␦ ENaC has not been found in glial cells in the normal human brain (53).
Abnormal expression and associated phenotypes. Using combined laser-capture microdissection and RNA array, Gronich et al. (55) reported a 1.6-fold reduction of SCNN1D in ventricular myocytes of ischemic cardiomyopathy sufferers/ patients. Decreased expression of ␦ ENaC may contribute to disrupted Na ϩ and K ϩ homeostasis in ischemic heart diseases. Global gene expression analysis found that chemotherapy reduced the expression of ␦ ENaC in human ovarian cancer spheroids (87) . According to NCBI GEO profiles, a significant reduction in the expression of ␦ ENaC was also found in the following diseases: diabetic visceral adipose tissue, atypical ductal hyperplasmia combined with breast cancer, hereditary gingival fibromatosis, neural tube defects, tumorigenic breast cancer, skeletal muscle following weight loss, COPD macrophages, utero preeclampsia, Duchenne muscular dystrophy, carboplatin-sensitive ovarian carcinoma, and acute malarial infection. In vitro, the expression of ␦ ENaC was depressed under these culture conditions: hypoxic B lymphocyte, ultrafine particle-treated endothelial cells, time-dependent reduction in serum treated fibroblasts, INF-␥-treated keratinocytes, homocysteine-exposed aortic smooth muscle cells, TGF-␤1-treated HK2 proximal tubular cells, and immortalized endothelial cells.
On the other hand, an incremental increase in the expression of ␦ ENaC under the following conditions has been shown in the NCBI GEO profiles: cells overexpressing HCaRG, K562 leukemic cells (CD34ϩ) exposed to imatinib, small airway epithelial cells of cigarette smokers, CREB-depleted myeloid leukemic cells, diabetic nephropathy, heart of low-Na ϩ dieter, optineurin-depleted HeLa cells, sperm cells of teratozoospermia, and fibroblast cells in desmoid tumors (19) . Potential biomarker of kidney diseases. Human urinary microvesicles collected solely from the medullary thick ascending limb of Henle contain ␦ ENaC mRNA (97) . SCNN1D has therefore been proposed as a potential novel and noninvasive biomarker of renal diseases.
Prospective Considerations
In the aggregate, the current literature suggests that ␦ ENaC plays an important role in normal and diseased tissues. Given the lack of this gene in mice, its precise physiological function and phenotype in deficient animals cannot be evaluated in a mouse model. ␣ ENaC deficiency can cause death of mice at birth resulted from air space flooding most likely due to lack of compensation by ␦ ENaC. The most promising findings are from human primary nasal epithelial cells, showing that up to 40% of amiloride-sensitive sodium transport is associated with ␦ ENaC (8) . On the other hand, children with genetic deletion of SCNN1D genes are predisposed to respiratory infection and the development of nasal congestion during the winter months (132) . In contrast, the major phenotype associated with deletion of SCNN1A in human 12p13 is growth retardation resulted from urinary salt wasting (9, 131) . Whether ␦ ENaC is an essential pathway of Na ϩ reabsorption in lung and kidney awaits further in vivo and ex vivo studies in primates. Developing gene knockout animal models will help clarify the physiological role of ␦ ENaC in nonepithelial tissues, including the brain and heart. (Table 3) 
